INTRODUCTION
The brown shrimp Crangon crangon (Linnaeus, 1758) occurs in highly productive European estuaries (between 45°N and 57°N) with strong tidal movements on sandy and muddy substrata (Tiews, 1970) . It is the dominant mobile epibenthic species in northern Europe (e.g. Pihl and Rosenberg, 1982; Beyst et al., 2002; Amara and Paul, 2003) . Due to its abundance, C. crangon is an important prey for SCIENTIA MARINA 71(3) September 2007, 451-460, Barcelona (Spain) ISSN: Population dynamics, distribution and secondary production of the brown shrimp Crangon crangon (L.) in a southern European estuary. Latitudinal variations IVAN , much lower than rates calculated elsewhere. Secondary production (P) of C. crangon was estimated at 4.6 mg AFDW m -2 y -1 (P/B -ratio of 8. juvenile and adult fish species (McLusky and Elliott, 2004) and also an important benthic predator of invertebrates (Pihl and Rosenberg, 1984; Beukema, 1992; Oh et al., 2001) . Through its predation of invertebrates (Kamermans and Huitema, 1994; Beukema and Dekker, 2005) and interference with settlement of juvenile fish (Wennhage and Gibson, 1998) , this species' impact upon the structure and function of the in-and epifauna (Kuipers and Dapper, 1981; Pihl, 1985) reflects its importance on estuarine systems. C. crangon has commercial value, so abundance (Pihl and Rosenberg, 1982; Spaargaren, 2000; Siegel et al., 2005) , fisheries by-catch and discards (Berghahn et al., 1992; Berghahn and Purps, 1998; Gamito and Cabral, 2003) and migratory behaviour (Hartsuyker, 1966; Boddeke, 1976; Janssen and Kuipers, 1980) have been extensively studied. It is caught primarily along the coastline of countries bordering the North Sea by twin beam trawlers, and the total value of landings in 1997 was estimated at 98.2 million euros (Pascoe and Revill, 2004) . Beam trawl is an illegal fishing gear in Portuguese estuaries except in the Tagus Estuary (Cabral et al., 2002) . Recently, due to the decrease in the market value of this species, sole (Solea spp.) and sea bass (Dicentrarchus labrax), have been the only profitable by-catch species of the brown shrimp fishery in Portugal (Costa and Cabral, 1999) .
The main reproductive season of this species goes from January to June, with potential for continuous breeding during this period (Oh and Hartnoll, 2004) . Nevertheless, two reasonably discrete spawning periods (Henderson and Holmes, 1987) which can overlap have been described (Lloyd and Yonge, 1947) . In spring, after hatching offshore, pelagic larvae migrate to coastal waters (van Donk and De Wilde, 1981) , developing into benthic post-larvae that invade estuaries and shallow inshore waters where abundant food sources are available (Beukema, 1992) . Juvenile settlement can last until October, with abundance peaks in MayAugust (Amara and Paul, 2003) . Juveniles occupy these areas permanently while adults migrate back to the sea in autumn when the temperature begins to drop (Boddeke, 1976) . Despite these data, some latitudinal differences have been reported for the Mediterranean Sea (Labat, 1977; Crivelli, 1982) but fewer studies have addressed global patterns of this species.
Due to its importance in estuarine systems and the need to document C. crangon in temperate estuaries, namely at its southern limit of distribution in the Atlantic coastal waters, the purpose of the pres- ent study was: (a) to describe the species' life cycle, population structure and growth, (b) to compare the results obtained with those of other European populations, (c) to study the spatial distribution and variability of the species along an estuarine salinity gradient, and (d) to estimate C. crangon secondary production.
MATERIAL AND METHODS

Sampling site
The Mondego Estuary (Fig. 1) is a typical temperate intertidal estuary located on the west coast of Portugal (40º08'N, 8º50'W); it consists of two arms with very different hydrologic features that separate 7 km from the sea and join again near the mouth, divided by an alluvium-formed island (Murraceira island). The north arm is deeper (5-10 m during high tide, tidal range about 2-3 m), while the south arm (2-4 m deep during high tide) is almost silted up in upstream areas, which causes the freshwater of the river to flow essentially along the north arm. The water circulation in the south arm is dependent on tides and on the relatively small freshwater input from a tributary, the Pranto River, which is controlled by a sluice. The freshwater discharge from this tributary is regulated according to irrigation needs of the rice crop of Pranto valley (Pardal et al., 2000; Martins et al., 2001) . The Mondego Estuary has suffered from the impact of human activities, besides supporting several industries, salt-works and aquaculture farms. The north arm forms the main navigation channel and requires regular dredging. In the south arm, eutrophication has taken place as a result of excessive nutrient release leading to reduction in area extent, biomass and production of the seagrass Zostera noltii bed (Cardoso et al., 2002 (Cardoso et al., , 2005 Dolbeth et al., 2003; Pardal et al., 2004) . The study area has already been described as a nursery area for fish species like Dicentrarchus labrax, Solea solea, Platichthys flesus (Martinho, in press) , Pomatoschistus microps and Pomatoschistus minutus (Leitão et al., 2006) , and for benthic macroinvertebrates like Carcinus maenas (Baeta et al., 2005) .
Sampling procedures
Samples of the brown shrimp were collected from five stations ( 
Sample analysis
After sorting, the algae collected together with fish in beam trawl samples were weighed (total wet weight) and the shrimps were preserved in 4% formaldehyde for a day before being transferred to 70% ethanol for storage. Carapace length (CL), the shortest distance between the posterior margin of the orbit and the mid-dorsal posterior edge of the carapace, was measured to the nearest 0.01 mm using a binocular micrometer. Total length (TL) was measured from the posterior margin of the orbit to the tip of the telson. The following regression between TL and CL was calculated, allowing comparisons with other studies: TL = 4.7906 * CL -1.1295 (r 2 = 0.98, N = 702).
Sex was determined by the size and shape of the endopodite of the first pleopod and the presence or absence of the appendix masculina. Sex determination for shrimps CL<3.5 mm was inconclusive and these individuals were considered as immature. Biomass was calculated as ash-free dry weight (AFDW) (loss of ignition after 8 h of incineration at 450ºC of specimens previously dried at 60ºC for 2 days). The weight-length relationship was calculated for production estimates as: AFDW = 0.0002 * CL 3.0725 (r 2 = 0.98, N = 277), with exponent close to 3.0 indicating isometric growth. Dried sediment samples were incinerated at 450ºC and then sorted in a sieve series and weighed according to grain size to assess the granulometry.
Data analysis
Population structure and growth was based on size-frequency distributions and studied through modal analysis on successive sample dates. Computations were performed using the ANAMOD software (Nogueira, 1992) , which is based on the probability paper method (Cassie, 1963) . The reliability of the method was tested by employing the G e χ 2 tests (P≤0.05). Only 5 individuals CL>11 mm were found during the sampling (on 4 different months), so, due to their low and sparse frequency these individuals were not included in the analysis.
A canonical correspondence analysis (CCA) was used to evaluate the spatial and temporal distribution of C. crangon with environmental parameters using CANOCO 4.5 (Ter Braak and Smilauer, 1998) . Species data were separated by sex (immature, males, females and berried females); females and berried females were also separated by size (CL<7.7 mm and CL>7.7 mm), since no male individuals were found bigger than this measure. Temperature, salinity, dissolved oxygen, type of sediment, algae biomass and mean depth were computed in the analysis as environmental data. All input data were averaged by sampling area (stations M, S1, S2, N1 and N2) and season (summer; n=3, autumn, winter and spring; n=2).
Annual production estimates were based upon cohort recognition by growth increments or net production (P), as described in Cardoso (2002) , where P is production; N mean density (expressed in ind m -2 ); w -, mean individual body weight (expressed in g AFDW m -2 ) and t, t+1 are consecutive sampling dates (t=1, 2,…,n). The annual mean population biomass (B -) is expressed as:
, where T is the period of study (yearly cycles); B -n is the mean biomass of cohort n and t is the duration of the cohort n.
RESULTS
Characterisation of the sampling areas
Most of the environmental variables measured at the sampling sites (Table 1) confirmed the estuarine gradient, from the upper areas to the mouth of the estuary. Temperature exhibited a typical seasonal pattern for a temperate region, reaching higher values in uppermost sampling areas, which are also the shallowest. Stations M, S1 and N1 presented the highest salinity values, while dissolved oxygen showed a similar pattern with both temperature and depth. Although Secchi depth was not measured (as the surveys took place at night), high turbidity was found at station S2 (Verdelhos et al., 2005) . The sediment of the most upstream areas was mostly composed of medium and coarse sand, contrasting with the downstream ones which consisted mainly of medium to fine sand, with larger amounts of mud at station S2.
Hydrological years (from October to September) were found to be different as Meteorological Institute of Portugal). The MannWhitney test revealed significant differences between hydrological years regarding salinity at stations S2 and N2, the uppermost stations of each arm (p=0.0186 and p=0.0093 respectively for α=0.05). Differences were also found in algal biomass at stations S1 and N1 (p=0.0041 and p=0.0187 respectively for α=0.05).
Population dynamics and growth
During this study, a total of 11570 individuals were examined; 4675 immature ones, 4091 females (240 berried females) and 2804 males. Most were captured at stations M and N1, 55% and 25% respectively of total sampling (Fig. 2) . Smallest post-larvae occurred at 1.23 mm CL (5 mm TL) and the biggest individual was a female of 13.00 mm CL (61 mm TL) caught in December 2003. Berried females ranged from 4.29 to 12.86 mm CL and only 5 of the 240 berried females found corresponded to "winter egg" production (see Boddeke, 1982) . The size at onset of sexual maturity (>5% mature) was within the 5.00-5.25 mm CL class reaching sexual maturity after 6 months of age.
Occurrence of immature shrimps suggested almost continuous reproduction, but two main recruitment periods per year were identified (Fig. 3) : one in autumn with settlement of post-larvae beginning in November, and one in spring with settlement beginning in March/April. It is possible, and most likely, that in the summer another recruitment takes place, but this reproductive pulse was not identifiable by the modal analysis.
Results from modal analysis (all stations combined) computed separately for gender indicated that, as in other regions, females grow larger than males; no males bigger than 7.7 mm CL were found and only 90 females exceeded this size, corresponding to only 0.8% of the total sampling. Growth of all stations combined N2 N1 S2 S1 M immature shrimps was estimated at 0.07 mm CL day -1 for the spring/summer cohorts and 0.08 mm CL day -1 for the autumn cohorts; mean growth of all cohorts was 0.06 mm CL day -1 .
Based on cohort analysis (Fig. 4 ) after one year individuals ranged from 6.20 mm CL ± 0.28 (C6) to 7.09 mm CL ± 0.41 (C5) (30-32 mm TL) and two year old shrimps reached 10.53 mm CL ± 0.85 (C1), approximately 49 mm TL. Five individuals caught with CL>11 mm were not included for modal analysis purposes: their isolated inclusion would be speculative and this would alter the calculations of the growth rates. Based on these data, the maximum life span of C. crangon was estimated at 3 years. (Fig. 3) . Station M registered the highest densities of all types of specimens except for berried females, which occurred mainly at N1. On the other hand, the lowest densities of shrimps were found in the south arm of the estuary, including the complete absence of berried females at station S2. Station N2 registered high densities of immature shrimps but was characterised by almost complete males (Table 2) .
Distribution and abundance patterns
Despite its wide distribution within the Mondego Estuary, C. crangon showed some spatial, temporal and environmental preferences (Fig. 5) . The first two axes of the canonical correspondence analysis (CCA) performed in order to evaluate distribution and abundance patterns accounted for 81.6% of the total variance (eigenvalues of 0.320 and 0.261, respectively) and 85.5% of the variance due to species abundance-environment relations. The ordination diagram of the first 2 axes showed that the points found to the left of the diagram are strongly related to temperature. Females with a CL>7.7 mm (F) were associated with cold seasons while berried females with a CL<7.7 mm (o) and immature individuals (I) were associated with warm seasons. Peak abundance of berried females was observed in -Ordination diagram for the two canonical axes of the correspondence analysis performed using Crangon crangon density data (I, immature CL<3.5 mm; f, female CL<7.7 mm; F, female CL>7.7 mm; m, male; o, berried female CL<7.7 mm; O, berried female CL>7.7 mm; temp, temperature; sal, salinity; algae, algae cover; mud, % of mud; silt, % of silt; medium, % of medium sand; O2, dissolved oxygen; sum, summer; aut, autumn; win, winter; spr, spring; M, sampling station M; S1, sampling station S1; S2, sampling station S2; N1, sampling station N1; N2, sampling station N2).
August, mostly at station N1 (Fig. 3) . Immature individuals were sensitive to temperature and tolerant to salinity and dissolved oxygen, while males showed the opposite trend, with rare occurrence at the upper sampling stations. On the other hand, females were distributed according to type of sediment and algal cover.
Production estimates
Calculations were made excluding station S1 and S2, whose contributions were the lowest in the total sampling (3 and 6% respectively). The average annual growth production (P) of the C. crangon population was estimated at 4.6 mg AFDW m -2 y -1 (P/B -ratio 
DISCUSSION
Population dynamics and growth
Drought-induced changes in water quality are known to influence the distribution of C. crangon (Attrill and Power, 2000) . In the present study the differences between hydrological years were not analysed, allowing the characterisation of the species dynamics in general. The Mondego Estuary is a nursery area for this species, with individuals under 7.0 mm CL (approximately one year) accounting for 98% of the population. Absence of older individuals is due to seawards migrations and rare entrances in the estuary, since shrimps are known to migrate periodically between shallower (warm season) and deeper waters (cold season) (Temming, 2002) .
Population structure analysis through frequency distributions is limited by many factors, as was reported by Beukema (1992) . The almost continuous settlement of post-larvae is reflected in long recruitments that may last for five months, which makes it difficult to distinguish and separate reproductive pulses. The gradual disappearance of shrimps with a CL>7.0 mm does not allow accurate conclusions to be drawn on the biological cycle or evaluations to be made of older shrimps' contribution to new recruitments. The combination of these factors hampers and restricts analysis of growth, underestimating rates. Though they are flexible processes in time, duration, distance and participation (Boddeke, 1976) , few doubts persist on the function of these seasonal migration patterns in juveniles as well as in adults, as they most likely increase growth rates and reproduction success (Kuipers and Dapper, 1981) . Two main annual peaks of immature shrimps occurred, showing that the entrance of individuals in the Mondego Estuary population is made in two main recruitment periods. Through modal analysis it was possible to build the population structure according to this premise and synchronise the species life cycle, especially with the occurrence of berried females, temperaturedependent egg development and planktonic larvae (unpublished data). Spring settlement of post-larvae with 5 mm TL started in April 2004 and March 2005, which is earlier than in northern areas (Table  3) , and extended until late August. During spring/summer spawning occurs almost continuously and the duration of the recruitments may correspond to several reproductive pulses that were not distinguishable.
Another recruitment identified in late autumn (November-December) was less intense but had implications for the species' life cycle. A similar pattern has been described only for the German Wadden Sea, where a settlement takes place in January (del Norte-Campos and Temming, 1998) . Besides variations among European populations and the differences described in the Mediterranean Sea populations, the recruitment pattern found in the o Mondego Estuary is unique and represents a latitudinal variation in the species' life cycle. The Mondego C. crangon population, located on the south range of the species distribution in the Atlantic, is probably conditioned by mild temperatures and lower thermal amplitude.
Due to a warm temperate climate, growth was essentially linear since no seasonal variations in the growth of the cohorts were observed. Post-larval growth was higher than the absolute growth rate, but these values were far below those observed in other systems (Table 3) . Growth of crustaceans is a function of two components: the duration of the intermoult period and the increase in size at each moult. However, a conjunction of precocious sexual maturity and almost continuous recruitment may help to explain the growth rates calculated for the Mondego Estuary. With reproduction activity beginning as early as 6 months old and almost continuous spawning patterns, growth rates achieved minimum values, reflecting meta-bolic costs associated with reproductive activities (ovarian maturation and egg care) plus a cessation of moulting during the spawning period (Oh et al., 1999) because if a berried female moults before the eggs have hatched the eggs will be lost (Boddeke, 1976) .
There are seasonal fluctuations in abundance in the C. crangon population, with peak abundance in summer (July to August). Maximum abundances were not coincident with the maximum water temperature (in disagreement with Oh et al., 1999) , showing less dependence on this parameter probably due to lower thermic amplitude. Nevertheless, a constant pattern was observed with varying intensity in the peaks. Production estimates were different between years and were much lower than values found in other European systems, but with similar P/B -ratios: 2.5 g AFDW m -2 y -1 (P/B-8.3) (Kuipers and Dapper, 1981) and 2.3 g AFDW m -2 y -1 (Pihl and Rosenberg, 1982) , suggesting that the species contribution to the system varies between latitudes but always maintaining a high P/B -ratio.
Distribution and abundance patterns
In a highly dynamic system such as the Mondego Estuary, environmental parameters seem to have great influence on the spatial and seasonal distribution of C. crangon population, with the particular circumstance of the exceptional conditions found in the winter of 2004/2005. River runoff, besides conditioning salinity changes, is known to play an important role in local planktonic production of coastal waters (Siegel et al., 2005) . The distribution of shrimps appears in response to salinity changes (Lloyd and Yonge, 1947) , but models show that oxygen plays a significant role in determining predrought abundance (Attrill and Power, 2000) . In the CCA diagram, these variables overlap and influence above all the distribution of males with a lower osmorregulation capacity that are not able to tolerate low salinities (Lloyd and Yonge, 1947) . This is confirmed by the low male densities found at upstream stations. Also, temperature has been referred to as the major factor determining not only juvenile dis- tribution but also the timing and intensity of recruitments (Beukema, 1992) . In contrast to Boddeke (1976) , immature prawns seem to be more sensitive to temperature fluctuations than mature individuals. During drought periods, temperature becomes the dominant abiotic influence on species abundance (Attrill and Power, 2000) . Post-larval shrimp migrate to the upstream brackish part of the estuary shortly after metamorphosis (Cattrijsse et al., 1997) , indicating that a combination of factors affects not only juvenile distribution occurring in lower salinities in warm months (Tiews, 1970) but also the overall catches (Spaargaren, 2000) . Females were correlated to fine substratum (silt and mud) and algae cover. Berried females with a CL>7.7 mm show no clear preferences in the diagram, probably due to sparse and sporadic frequency. Low salinities delay ovarian development (Gelin et al., 2001) , so berried females seem to be associated with high salinities, reaching peaks of abundance at station N1. Spring settlement always occurred in the north arm, but with some variations during the study: in 2003 partition of occurrence occurred, with peaks mainly near the mouth of the estuary; in 2004 postlarvae peaks were observed mainly at station M and, after a dry winter, settlement in 2005 was observed at the uppermost station (N2). Station S1, the one most affected area by the eutrophication process (Dolbeth et al., 2003; Verdelhos et al., 2005) , showed abundance minimums and no evidence of preference for vegetated areas was found (in agreement with Pihl, 1986) .
Decapod crustaceans are typical components of estuarine systems and play an important role in their dynamics (McLusky and Elliott, 2004) . This study reveals that all species dynamics must be analysed in a latitudinal context in which the contribution of each component can vary according to environmental and climate variables. Moreover, differences between populations' life cycles can also constitute a reference to the evolution of global warming in water masses (see Cabral et al., 2001) , and to climate change where extreme weather events like severe drought seem to be more frequent (Mirza, 2003) .
